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SUMMARY 

A hydrogen-peroxide-fueled rocket system was intalled on a light, four- 
place general aviation airplane to provide known moments about the roll and 
yaw body axes for use in measuring aerodynamic control power for all flight 
conditions. 

The system produced thrust up to about 490 N (110 lbf) (producing either 
a yawing or rolling moment of 2500 N-m (1840 ft-lbf)) with pilot-controlled 
firing time totaling about 60 sec per fuel load. A total of 15 flight opera- 
tions with approximately 20 min of accumulated rocket firing time was accom- 
plished with no major system malfunction. This experience demonstrated the 
operational readiness of the system for use in spin tests. 

and CQ ) were measured by 
(c.6 r a 

Rudder and aileron effectiveness 

using the rocket-produced moments to balance the aerodynamic control moments 
for airspeeds somewhat above the stall to near cruise speed (approximately 
65 to 100 knots). These results agreed very well with results obtained from 
dynamic flight maneuvers using the maximum likelihood method of stability 
derivative extraction. Canparison of the measured derivatives with those 
obtained by readily available estimation techniques indicated that the esti- 
mates for both derivatives differed appreciably from those measured. 

INTRODUCTION 

This paper presents the results of tests in which measurements of the 
aileron and rudder control effectiveness of a light plane were made by using a 
hydrogen peroxide rocket system installed in the airplane. The liquid propel- 
lant rocket system, which is controlled directly in an on-off manner by the 
pilot, was developed both as a research tool and as a spin recovery device. 
The system is being used in a recently initiated program undertaken by the 
Langley Research Center of the National Aeronautics and Space Administration 
(NASA), to study solutions to stall and spin problems of general aviation air- 
craft. In addition to specific test results, this report covers a discussion 
of the rocket system itself and the special technique developed to use it for 
the measurement of the airplane control characteristics. 

One of the essential elements for understanding stall and spin problems 
is an accurate knowledge of the effectiveness of the aerodynamic controls 
prior to and during the stalled and spinning maneuvers. Although some data 
are available through static and dynamic wind-tunnel tests of small-scale 
models, there are essentially no data for the full-scale conditions in free 
flight. Some limited data on control effectiveness of full-scale aircraft 
in normal unstalled flight have been obtained by utilizing testing techniques 
in which the airplanes have had disturbing moments applied to them by rapid 
movements of the controls or by the deployment of wing-tip parachutes and drop- 



pable weights.  (See r e f .  1.) However, t he  e f f e c t i v e n e s s  of t hese  techniques 
has been l i m i t e d  e i t h e r  by t h e  l a r g e  number of unknown f a c t o r s  involved or by 
the  cumbersane n a t u r e  of the  one-measurement-per-flight type of opera t ion .  The 
s u b j e c t  rocket system w a s  developed as a means of provid ing  m u l t i p l e  moments of 
a precisely known magnitude and easi ly  c o n t r o l l e d  dura t ion .  Th i s  capability 
was considered to be e s s e n t i a l  to t h e  practical and e f f e c t i v e  u t i l i z a t i o n  of 
f l i g h t  techniques for measuring t h e  aerodynamic c o n t r o l  c h a r a c t e r i s t i c s  of an 
a i r p l a n e  throughout t h e  va r ious  phases of f l i g h t  involved i n  t h e  s t a l l  and s p i n  
maneuvers . 

An added f e a t u r e  of t h i s  system is t h a t  it has t h e  p o t e n t i a l  f o r  u s e  as 
a s p i n  recovery system i n  place of t h e  customary parachute  system. Seve ra l  
a p p l i c a t i o n s  of so l id -p rope l l an t  type  rockets as s p i n  recovery devices  have 
been employed i n  past yea r s  f o r  both model and f u l l - s c a l e  a i r p l a n e  tests 
( r e f s .  2 and 3)  i n  a t t empt s  to overcome some of t h e  u n c e r t a i n t i e s  involved i n  
t h e  u t i l i z a t i o n  of a parachute  system. Although t h e s e  rocket systems have been 
shown to be very e f f e c t i v e ,  they  have been hampered by t h e i r  "s ingle-shot"  
c h a r a c t e r i s t i c ,  t he  i n a b i l i t y  to c o n t r o l  du ra t ion  of the  rocket f i r i n g  dur ing  
t h e  f l i g h t ,  and t h e  problem of a d j u s t i n g  t h e  t h r u s t  l e v e l  to match a given s i z e  
a i r p l a n e  or type of s p i n  maneuver. By u t i l i z i n g  a l i qu id -p rope l l an t  system, 
these  undes i rab le  aspects of t h e  so l id -p rope l l an t  system are overcome so t h a t  
an apparent ly  reasonable  degree of c o n t r o l l e d  o p e r a t i o n a l  f l e x i b i l i t y  can be 
achieved. 

Although no s p e c i f i c  tests of t h e  rocket system f o r  s p i n  recovery were 
performed dur ing  t h i s  program, use of t h e  rocket system d i d  se rve  to  demon- 
s t ra te  i ts  o p e r a t i o n a l  r ead iness  for s p i n  recovery tests. 

SYMBOLS 

I n  order to f a c i l i t a t e  usage of d a t a  presented ,  dimensional q u a n t i t i e s  
are presented both i n  t h e  I n t e r n a t i o n a l  System of  Un i t s  (S I )  and i n  t h e  
U.S. Customary Un i t s  w i th in  t h e  t e x t  and tables and i n  SI u n i t s  on ly  i n  t h e  
f igu res .  Masses are presented  i n  kilograms and pounds mass (1 s l u g  = 32.2 lh). 
Measurements were made i n  t h e  U.S. Customary Uni t s ,  and equ iva len t  dimensions 
were determined by us ing  t h e  conversion factors given i n  r e fe rence  4. 

b wing span, m ( f t )  

MX 
rolling-maanent c o e f f i c i e n t ,  - 

qSb Cl 

Cn 
MZ 

yawing-moment c o e f f i c i e n t ,  - 
qSb 

MX r o l l i n g  manent, N-m ( lbf - f  t) 

MX,R r o l l i n g  moment due to rocket f i r i n g ,  N-m ( l b f - f t )  (T x y) 
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MZ 

MZ,R 

P 

AP 

Pc 

9 

qc 

S 

T 

V 

VC 

V i  

Y 

ci 

f3 

6a,g 

6a, r 

r 

P 

yawing moment, N-m ( l b f - f t )  

yawing moment due to rocket f i r i n g ,  N-m ( l b f - f t )  (T x y) 

static pressure measured by o r i f i c e s  i n  a i r p l a n e ' s  a i r s p e e d / a l t i t u d e  
system, Pa ( l b f / f t 2 )  ' 

s t a t i c - p r e s s u r e  error (p - p,), Pa ( l b f / f t 2 )  

rocket chamber absolu te  pressure, Pa ( l b f / f t 2 )  

free-stream s ta t ic  pressure, Pa ( l b f / f t 2 )  

static-pressure error c o e f f i c i e n t  

dynamic pressure, Pa ( l b f / f t 2 )  

i m p a c t  p ressure ,  Pa ( l b f / f t 2 )  

wing a r e a ,  m2 ( f t 2 )  

rocket t h r u s t ,  N ( l b f )  

t r u e  a i r speed ,  knots 

c a l i b r a t e d  a i r speed ,  knots 

i nd ica t ed  a i r speed ,  knots 

l a t e r a l  d i s t ance  from cen te r  l i n e  of a i r p l a n e  to  cen te r  l i n e  of rocket 
nozzles ,  5.08 m (16.67 f t )  

angle  of a t t a c k ,  deg or rad 

angle  of s i d e s l i p ,  deg or rad 

6a , r  + 6a, t  
a i l e r o n  d e f l e c t i o n ,  deg or rad,  

2 

rudder d e f l e c t i o n ,  t r a i l i n g  edge l e f t  p o s i t i v e ,  deg or rad 

l e f t  a i l e r o n  d e f l e c t i o n ,  t r a i l i n g  edge up p o s i t i v e ,  deg or rad  

r i g h t  a i l e r o n  d e f l e c t i o n ,  t r a i l i n g  edge down p o s i t i v e ,  deg or rad  

change i n  rudder d e f l e c t i o n ,  deg or rad  

a i r  dens i ty ,  kg/m3 ( s lugs / f t3 )  
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Subscripts : 

0 trimmed flight condition 

1 test flight condition 

00 f r ee-s tr eam conditions 

Aerodynamic derivatives (referenced to a system of body axes): 

ac z 
czg = 

RESEARCH ROCKET SYSTEM 

A rocket system was designed for relatively easy installation in a light 
airplane with minimal structural modification to the airplane. A pressuriza- 
tion and control unit was located in place of the right front seat of the plane 
and thrusters were appropriately oriented on the wing tips. The design goal was 
to produce a system weighing approximately the same as the weight of a seat plus 
a passenger. The arrangement of rocket system and data system components 
installed on the test airplane is presented in figure 1. A summary of the test 
airplane characteristics is presented in table I. 

A hydrogen peroxide system was chosen because of the considerable experi- 
ence with such systems at the Langley Research Center and the availability of 
existing components. 
a fuel is presented in reference 5. 

A summary of the use of concentrated hydrogen peroxide as 

The sizing of the thrusters was based principally on estimates of the 
yawing acceleration required for spin recovery, inasmuch as the system was 
intended to be used ultimately in spin recovery studies, and it was desired to 
have sufficient torque about the yaw body axis to insure satisfactory recovery. 
A survey of pertinent spin-tunnel reports, such as reference 6, indicated that 
an acceleration of 1 . O  rad/sec2 would be more than adequate to provide rapid 
recovery for a wide range of yaw inertias; consequently, this value was 
selected as a design criterion. For the dimensions and estimated yaw inertia 
of the airplane, a rocket located at the wing tip would require a thrust of 
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620 N (140 l b f )  t o  produce t h e  des ign  c r i t e r i o n .  Th i s  amount of t h r u s t  was 
expected to be provided by us ing  t w o  t h r u s t e r s  f o r  each wing-tip i n s t a l l a t i o n .  

Another parameter r equ i r ed  i n  s i z i n g  of t h e  tanks  f o r  t h e  rocket system 
w a s  f i r i n g  t i m e .  A value  of 60 seconds of to t a l  f i r i n g  t i m e  per f u e l  load 
w a s  chosen to provide t h e  p o s s i b i l i t y  of s e v e r a l  s p i n  recovery attempts i n  
one f l i g h t .  Th i s  value dictated t h a t  for t h e  s i z e  of t h r u s t e r s  used, about 
23 k g  (50 lbm) of f u e l  need to be c a r r i e d  i n  t h e  f u e l  tanks. 

A view of t h e  a i r p l a n e  i n  f l i g h t  wi th  t h e  rocket system i n s t a l l e d  is shown 
i n  f i g u r e  2. I n  t h i s  view t h e  rockets are o r i e n t e d  to  produce an unbalanced 
yawing manent. The t h r u s t e r s  are f i r e d  on on ly  one wing t i p  a t  a t i m e  and thus  
produce a n e t  forward t h r u s t  on t h e  a i r p l a n e .  
part  of t h e  in s t rumen ta t ion  system t h a t  w i l l  be d i scussed  subsequently.  
rocket system is shown schemat i ca l ly  i n  f i g u r e  3 and system c h a r a c t e r i s t i c s  are 
p resen ted  i n  table  11. Concentrated hydrogen peroxide (used as a monopropel- 
l a n t )  is decomposed under p r e s s u r e  i n  t h e  presence of a s i l v e r  s c reen  c a t a l y s t  
i n  t h e  rocket motor to y i e l d  a gaseous mixture of oxygen and superhea ted  steam. 
The gas is expanded through a convergent-divergent nozz le  to  produce t h r u s t .  
P r e s s u r i z a t i o n  of t h e  f u e l  system is provided by gaseous n i t rogen  stored a t  high 
pressure. A ground adjustable regulator reduces and r e g u l a t e s  t h e  p re s su re  to  
a lower "system pressure"  which e x p e l s  the  hydrogen peroxide  from bladder-type 
storage tanks.  Bladder tanks  were used to  i n s u r e  flow from t h e  tanks  for a l l  
f l i g h t  cond i t ions  such as l a r g e  a t t i tudes .  Fue l  is f e d  through tubes  i n  t h e  
wing to e l e c t r i c a l l y  c o n t r o l l e d  so l eno ids  a t  each wing t i p  which c o n t r o l  t h e  
flow of f u e l  to  t h e  motors i n  an  on-off manner. Spring-type r e l i e f  va lves  i n  
the  n i t rogen  systems and redundant r u p t u r e  d i s k s  i n  t h e  hydrogen peroxide system 
provide p r o t e c t i o n  fran overpressure .  Fue l  system pressure, set by t h e  pressure 
r e g u l a t o r ,  determines t h e  t h r u s t  of t h e  motors. 

The boom near each wing t i p  is 
The 

The rocket motors ( t w o  on each wing t i p )  shown i n  f i g u r e s  4 and 5 are 
attached normal to  a tubu la r  s t r u t  (mounted normal to t h e  wing t i p  r ib)  which 
can be rotated 360°. 
can be rotated to provide yawing mment s  ( f ig .  4 ) ,  r o l l i n g  moments ( f i g .  5 ) ,  
or continuous combinations the reo f .  I t  should be poin ted  o u t  t h a t  when t h e  
motor nozzles are o r i e n t e d  downward to  provide a r o l l i n g  moment, t h e  t h r u s t  
axis  is canted  outward a t  an ang le  equa l  to t h e  d ihed ra l  of the  wing (6.5O). 
Although one p rope r ly  s i z e d  motor could  have been used on each wing t i p  t o  
provide t h e  required t h r u s t ,  t w o  motors were used because of t h e  a v a i l a b i l i t y .  
The t h r u s t e r s  are u s u a l l y  n o t  o r i e n t e d  t o  f i r e  forward because of t h e  exhaus t  
being blown back over t h e  wing. Thus, yawing moments are always coupled wi th  
forward t h r u s t .  When o r i e n t e d  f o r  roll ,  t h e  t h r u s t e r s  are also o n l y  f i red  on 
one wing t i p  a t  a t i m e ,  so t h a t  r o l l i n g  moments are accmpanied by v e r t i c a l  
t h r u s t .  

The motor assembly, wi th  a p p r o p r i a t e l y  i n s t a l l e d  tub ing ,  

Hydrogen peroxide is an ex t remely  a c t i v e  o x i d i z i n g  agent  which should no t  
come i n  con tac t  w i th  many materials, inc luding  human sk in .  The system is, 
t h e r e f o r e ,  enclosed by an aluminum box a t t ached  to  t h e  r i g h t ,  f r o n t - s e a t  r a i l s  
( f i g .  6). The enc losu re  is leakproof and fume-tight (w i th in  t h e  cab in )  w i t h  a 
vent  on t h e  r i g h t  door for se rv ic ing .  P res su re  vent  and enc losu re  d r a i n  l i n e s  
are routed  overboard through t h e  cockpit floor. 
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A l l  tubing is  s t a i n l e s s  steel and the  f i t t i n g s  o u t s i d e  t h e  enc losure  are 
a v a i l a b l e  for inspec t ion .  The tub ing  f r a n  t h e  cockpit to t h e  wing t i p  is one 
piece to preclude an undetec tab le  l e a k .  Because of the long run of tubing to  
t h e  wing t ip ,  it w a s  necessary to i n s t a l l  a s tandpipe  a t  t h e  wing t i p  to  mini- 
mize t h e  reflected pressure wave (water hammer) t h a t  occurred each t i m e  t h e  
so lenoid  valve w a s  c losed.  

Aside from t h e  s a f e t y  provided by adequate s t ruc tu ra l  margins and over- 
board vents ,  t h e r e  are some opera t iona l  f a c t o r s  which t h e  pi lot  can c o n t r o l  t h a t  
c o n t r i b u t e  t o  the  s a f e t y  of t he  system. I n  t h e  event  a solenoid f a i l s  to  close, 
r e s u l t i n g  i n  a " s t u c k  t h r u s t e r , "  t h e r e  is a three-way va lve  which can be con- 
t r o l l e d  by t h e  pilot  with a handle located on top of the  enc losure  t h a t  w i l l  
vent  t h e  p re s su r i zed  hydrogen peroxide from t h e  motors. Furthermore, t h e  pi lot  
can d e p l e t e  t h e  complete f u e l  supply i n  approximately 45 seconds by f i r i n g  both 
sets of motors a t  once. I n  t h e  event  of loss of electric power t o  t h e  sole- 
noids,  a hand-operated valve on top of the  enc losure  w i l l  allow t h e  pi lot  to  
b leed  t h e  f u e l  o u t  of t h e  bottom drain. Spring-loaded o f f  (push but ton)  f i r i n g  
switches are located on t h e  p i lo t ' s  c o n t r o l  wheel ( f i g .  7)  oriented r i g h t  and 
l e f t  f o r  r i g h t  and l e f t  yaw and f o r  r i g h t  and l e f t  rol l ,  depending on t h e  or ien-  
t a t i o n  of t he  motors. Another switch is provided f o r  f i r i n g  both sets of motors 
a t  t h e  same t i m e .  

A s e rv i ce  cart w a s  cons t ruc ted  for t r a n s f e r r i n g  hydrogen peroxide and 
n i t rogen  from s t o r a g e  f a c i l i t i e s  and f o r  s e r v i c i n g  t h e  rocket system. 
was s u f f i c i e n t  hydrogen peroxide and n i t rogen  on t h e  cart f o r  t h r e e  fue l ings .  

There 

DATA ACQUISITION 

An analog data c o l l e c t i o n  system t h a t  combines the  techniques of frequency 
modulation (EM) and sampled pulse  amplitude modulation (PAM) w a s  i n s t a l l e d  i n  
the  a i rp l ane .  Data were recorded on magnetic tape  by the  d i r e c t  recording 
method. A d e s c r i p t i o n  of similar systems is presented  i n  re ference  6. There 
are 20 channels  of continuous FM d a t a  and 28 channels  of time-shared PAM data. 
The time-shared d a t a  were sampled with a 600 sample per second commutator t h a t  
can sample each of 30 s i g n a l s ,  20 times per second. 

Measurements 

Transducers l oca t ed  about t he  a i r p l a n e  provide a measure of pilot  inpu t s  
and r e s u l t i n g  a i r p l a n e  dynamics. A measurement list is presented i n  t a b l e  111. 

True  airspeed, ang le  of a t t a c k ,  and angle  of sideslip are determined f r a n  
a swivel ing anemaneter mounted on b o o m s  ahead of each wing t i p  ( f i g .  8 ) .  The 
use of a similar anemmeter to measure airspeed is described i n  re ference  7. 
I n  a d d i t i o n  to  t r u e  a i r speed  measurements, i n d i c a t e d  a i r speed  was obta ined  from 
the  a i r p l a n e ' s  system, which c o n s i s t s  of a simple to t a l -p re s su re  probe mounted 
under t h e  l e f t  wing t i p  and f l u s h  static-pressure o r i f i c e s  on both sides of t h e  
a f t  fuse lage .  T o t a l  temperature was measured by a sensor located on the  top of 
t h e  fuse l age  j u s t  a f t  of t h e  passenger compartment. 
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A triad of l i n e a r  accelerometers is r i g i d l y  mounted on t h e  cen te r  l i n e  of 
t h e  c o c k p i t  floor a t  a l o c a t i o n  approximately i n  t h e  cen te r  of t h e  allowable 
center-of-gravi ty  range of the a i rp l ane .  Aerodynamic c o n t r o l  su r f  ace motions 
( a i l e rons ,  rudder, stabilator,  and f l a p s )  are measured by r o t a r y  poten t iometers  
a t t ached  d i r e c t l y  t o  t h e  surface i n  quest ion.  One abso lu te  p re s su re  t ransducer  
is mounted i n s i d e  each wing t i p  t h r u s t e r  u n i t  to  measure t h e  chamber p re s su re  
of one of t he  rockets f o r  de te rmina t ion  of t h r u s t .  

Other ins t rumenta t ion ,  inc luding  rate gyros,  a t t i t u d e  gyros,  s i g n a l  con- 
d i t ion ing ,  p o w e r  supp l i e s ,  and tape recorder, is located on a two-tier rack 
located behind t h e  f r o n t  seats as shown i n  f i g u r e  9. The power is obta ined  
frm t h e  a i r p l a n e ' s  12-volt  dc, 60-ampere a l t e r n a t o r .  

Data Reduction 

The analog f l i g h t  tape w a s  d i g i t i z e d  o n t o  t w o  tapes, one f o r  continuous 
FM and one f o r  sampled PAM, us ing  an ana log- to-d ig i ta l  t r a n s c r i b e r  (ADTRAN). 
The continuous data were f i l t e r e d  wi th  a 6-Hz cons t an t  de lay  f i l t e r  and sam- 
p led  20 t i m e s  per second. The commutated data tape is e s s e n t i a l l y  u n f i l t e r e d  
and has t h e  same sample rate a t  which it w a s  recorded (20  t i m e s  per second) .  
The t w o  d i g i t i z e d  tapes  were converted to engineer ing  u n i t s  and merged. T h i s  
merged tape was used t o  o b t a i n  data t a b u l a t i o n s  and t i m e  h i s t o r y  plots. 

Thrus t  C a l i  b r a t i o n s  

The rocket motors used i n  t h i s  program were equipped wi th  convergent- 
d ivergent  nozzles  designed for complete expansion a t  s t anda rd  sea- leve l  condi- 
t i o n s .  The motors were also equipped wi th  p re s su re  taps i n  t h e  decomposition 
chambers which were located immediately upstream of t h e  nozzles .  
w a s  calibrated i n  a ground test f a c i l i t y  a t  s tandard  sea- leve l  condi t ions  for 
t h r u s t  as a func t ion  of the chamber pressure.  (See f i g .  10.)  

Each motor 

For t h i s  program one p res su re  t ransducer  w a s  mounted on each wing-tip 
rocket pod to  measure t h e  chamber p re s su re  of one of t h e  rockets i n  each pod. 
For s i n g l e  rocket motor ope ra t ions  t h e  p re s su re  t r ansduce r s  were a t t a c h e d  t o  
t h e  a c t i v e  motors. For dual  rocket motor ope ra t ions  ( t w o  t h r u s t e r s  f i red  
toge ther  i n  a uni t  on each wing t i p )  t h e  t r ansduce r s  were a l t e r n a t e d  between 
motors for each f l i g h t  test. A ground c a l i b r a t i o n  was made to determine t h e  
chamber pressure r e l a t i o n s h i p  between rocket motors i n  each un i t .  I t  w a s  
assumed t h a t  t h i s  r e l a t i o n s h i p  would remain cons tan t ;  t h e r e f o r e ,  t h e  chamber 
p re s su re  of t he  unmeasured motors would be known. 

The nominal test a l t i t u d e  f o r  t h i s  program w a s  760 m (2500 f t ) .  The 
c o r r e c t i o n  f o r  ambient p re s su re  less than sea leve l  was c a l c u l a t e d  to  be a 
1-percent i n c r e a s e  i n  t h r u s t  for each 760 meters p res su re  a l t i t u d e  above sea 
l e v e l .  (See ref. 8.) Since t h i s  c o r r e c t i o n  w a s  r e l a t i v e l y  small, it w a s  no t  
deemed necessary.  
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Flight Calibrations 

A few of the measured quantities required calibration because of the 
location of the respective sensors in the flow field of the airplane. These 
quantities are airspeed, altitude, angle of attack, and angle of sideslip. 
The airspeed sensors, the airplane's airspeed system, and the altimeter were 
calibrated by using the trailing anemometer described in reference 9. The 
flight-test procedure used the stabilized point concept, and this method and 
appropriate equations are discussed in reference 9. For convenience, the 
indicated airspeed system of the airplane was used for determining airspeed 
and dynamic pressure. 
in figure 11 in terms of the static-pressure error coefficient Ap/qc as 
a function of indicated airspeed. The calibration was performed for the four 
flap positions obtainable and the results indicated that the flaps had little 
effect on the airspeed measurement. 
averaging the readings of the vanes on the left and right wing-tip booms. No 
corrections for unsymmetrical in-flow at the wing tips due to sideslip were con- 
sidered necessary (ref. 10). The true airspeed sensor calibration and angle- 
of-attack calibrations were obtained but are not presented in this report. 

The calibration of the airspeed system is presented 

The angle of sideslip was obtained by 

Test Technique and Analysis 

and aileron control 
"6 r 

Determination of rudder control effectiveness C 

effectiveness C was based on equations that show the balance of moments 

in yaw and in roll with rockets on and rockets off.  
the equations follow. 

6a 
Simplified versions of 

Rudder control effectiveness Cngr.- The yawing-moment equation for wings- 

level trimmed flight at constant airspeed is as follows: 

Yawing moment for wings-level trimmed flight with yaw rockets firing at the 
same airspeed is 

8 



Cmbin ing  equa t ions  (1) and (2) and c o l l e c t i n g  terms y i e l d s  t h e  following 
expression: 

By performing t h e  f l i g h t  tests wi th  and without t h e  rockets f i r i n g  so t h a t  
6,,1 = 6,,0 and 61 = Bo, equa t ion  (3) s i m p l i f i e s  to  

The manuever used to  o b t a i n  t h e  measurements f o r  determining C is 
6r 

i l l u s t r a t e d  i n  f i g u r e  1 2  wi th  t h e  t i m e  h i s t o r i e s  of p e r t i n e n t  parameters. The 
pi lot  trimmed wings l e v e l ,  a t  an airspeed of approximately 63 knots while 
a t tempt ing  to  main ta in  cons t an t  a l t i t u d e .  H e  zeroed t h e  ba l l  i n  t h e  "needle- 
ball i nd ica to r "  to  a t t a i n  z e r o  l a te ra l  a c c e l e r a t i o n  and noted t h e  va lue  of 
s idesl ip  angle  6 on t h e  s i d e s l i p  i n d i c a t o r .  Subsequently, he f i r e d  t h e  
rockets on t h e  r i g h t  wing t i p ,  as i n d i c a t e d  by t h e  rapid r i se  i n  rocket chamber 
p re s su re ,  and simultaneously a p p l i e d  almost f u l l  r i g h t  rudder. (The no i se  i n  
t h e  chamber p re s su re  measurement before  and a f t e r  f i r i n g  is due to  t h e  data 
system ext raneous ly  p ick ing  up t h e  s i g n a l  f r a n  t h e  pilot 's  radio t r a n s m i t t e r . )  
The p i l o t ' s  t a s k  was to  main ta in  cons t an t  va lues  of s idesl ip  angle ,  heading, 
and a i r speed  (dynamic p res su re )  du r ing  t h e  motor f i r i n g .  The t r i m  va lue  of f3, 
which t h e  p i l o t  p rev ious ly  noted, was t h e  va lue  he w a s  a t tempt ing  t o  hold. An 
i n i t i a l  t r a n s i e n t  i n  s i d e s l i p  angle ,  a i l e r o n  d e f l e c t i o n ,  r o l l  angle ,  and air-  
speed occurred  when t h e  rocket motors were f i r e d .  During t h i s  typical run t h e  
v a r i a t i o n  of a i r speed  w a s  less than 2 knots; s idesl ip  ang le  v a r i a t i o n ,  less 
than lo; and a i l e r o n  d e f l e c t i o n  v a r i a t i o n ,  less than 2O. The v a r i a t i o n s  i n  
t h e s e  f l i g h t  parameters du r ing  t h e  rocket f i r i n g  would produce an error i n  C 

of approximately 0.008, us ing  t h e  va lues  of C 
r e fe rence  11. 

"6, 
found i n  

"6, 
and C "e 

Maneuvers were performed by f i r i n g  t h e  rockets on t h e  r i g h t  wing or on 
t h e  l e f t  wing and were spot checked a t  a lower t h r u s t  l e v e l  to determine any 
d i f f e rences .  Similar maneuvers were performed i n  a sawtooth cl imb ( s t eady  
climbs a t  maximum power and s t e a d y  descents  a t  minimum power with cons t an t  
a i r s p e e d )  a t  a number of airspeeds to s tudy  p o w e r  e f f e c t s .  

Ai le ron  c o n t r o l  e f f e c t i v e n e s s  C .- The rolling-moment equa t ion  f o r  
'6, 

wings-level t r i G e d  f l i g h t  a t  cons t an t  airspeed is 
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The rolling-moment equat ion  for wings-level trimmed f l i g h t  wi th  ro l l  rockets 
f i r i n g  (rocket moment balanced by t h e  a i l e r o n )  is 

Cmbining  equat ions  (5) and (6) and c o l l e c t i n g  terms y i e l d s  t h e  fo l lowing  
express ion  : 

By performing f l i g h t  tests similar to t h e  yaw maneuvers such 
B1 = Bo,  equat ion ( 7 )  s i m p l i f i e s  to 6,,1 = b r , O  and 

.ha 

The maneuver used to  o b t a i n  t h e  measurements f o r  determining C is 
&a 

i l l u s t r a t ed  by t h e  t i m e  h i s t o r i e s  of p e r t i n e n t  parameters i n  f i g u r e  13. The 
pi lot’s  t a s k  w a s  to  f i r e  t h e  ro l l  rockets and d e f l e c t  t h e  a i l e r o n s  s i m u l t a -  
neously to  hold t h e  wings l e v e l  while  keeping changes i n  a i r speed  and s i d e s l i p  
to  a minimum. The p i lo t  he ld  cond i t ions  reasonably cons t an t  i n  t h e  maneuver. 
Of those  parameters d e s i r e d  t o  be unchanged, t h e  airspeed decreased approxi- 
mately 3 knots ,  s idesl ip  dev ia t ed  less than lo, and rudder d e f l e c t i o n  v a r i e d  
less than lo. 
f i r i n g  would produce an error i n  C 

C 

The v a r i a t i o n  i n  t h e s e  f l i g h t  parameters dur ing  t h e  rocket 
of about 0.026 by us ing  va lues  of 

‘6, 
and C found i n  r e fe rence  11. ’ 6r  ZB 

T e s t  Condi t ions 

F l i g h t  maneuvers were performed i n  smooth a i r  a t  a nominal a l t i t u d e  of 
760 m (2500 f t ) ,  except  on a few occasions when it was necessary  t o  operate 
a t  about 1500 m (5000 f t )  t o  f i n d  smooth a i r .  The tests were performed a t  
calibrated airspeeds from 70 t o  100 knots.  I t  would have been desirable, 
from a s t a l l / s p i n  i n t e r e s t  or p o i n t  of view, to operate a t  airspeeds down to  
and below t h e  s t a l l  speed. Tes t ing  w a s  no t  performed a t  t h e s e  law airspeeds 
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because t h e  rocket system had n o t  been demonstrated as a reliable s p i n  recovery 
system and t h e  planned i n s t a l l a t i o n  of a s p i n  recovery parachute  had n o t  been 
made. A l l  f l i g h t  tests were performed without  f l a p s  a t  a nominal m a s s  of 
1060 kg (2340 l b m ) .  The cen te r  of g r a v i t y  w a s  located a t  18 percent  of t h e  
mean aerodynamic chord. 

RESULTS AND DISCUSSION 

I n  t h i s  s e c t i o n  f i r s t  t h e  o p e r a t i o n a l  experience wi th  t h e  rocket system is 
d iscussed  and then t h e  r e s u l t s  of rudder and a i l e r o n  e f f e c t i v e n e s s  measurements 
for airspeeds above t h e  s t a l l  are presented.  R e s u l t s  of t h e s e  c o n t r o l  e f fec-  
t i v e n e s s  measurements are compared wi th  another  f l i g h t - t e s t  technique and wi th  
r e a d i l y  a v a i l a b l e  a n a l y t i c a l  techniques.  

Opera t iona l  Experience 

Opera t iona l  experience wi th  t h e  rocket system w a s  ob ta ined  from a f l i g h t -  
test program of 15 f l i g h t s  with an accumulated rocket f i r i n g  t i m e  of approxi- 
mately 20 min. With t h e  s e r v i c e  f a c i l i t i e s  a v a i l a b l e ,  t w o  f l i g h t  ope ra t ions  
per 8-hr day were r e a d i l y  accomplished. Turnaround t i m e  between f l i g h t s  f o r  
rocket system s e r v i c i n g  w a s  1 hr .  

The t h r u s t  nominally a v a i l a b l e  a t  maximum f u e l  p re s su re  w a s  found to be 
490 N (110 l b f ) .  Th i s  t h r u s t  is about 21 percen t  below t h e  design t h r u s t  l e v e l ,  
probably because of excess ive  p re s su re  drop i n  s e v e r a l  system components. 
loss, however, d id  n o t  have any in f luence  on t h e  r e s u l t s  of the  p a r t i c u l a r  tests 
covered i n  t h i s  report. 

The 

There w a s  no accu ra t e  method of determining t h e  remaining rocket f u e l  quan- 
t i t y  i n  f l i g h t  and, as a r e s u l t ,  t h e  remaining f i r i n g  t i m e  w a s  estimated by t h e  
ground crew, who were keeping an  accumulated f i r ing - t ime  record from t h e  on-off 
s i g n a l s  radioed by t h e  p i l o t  and from the  knowledge of t o t a l  f i r i n g  t i m e  ava i l -  
able  for a f u l l  load of f u e l .  

Cont ro l  E f fec t iveness  

The rudder d e f l e c t i o n  r equ i r ed  to  balance t h e  yawing moment produced by 
t h e  rockets is presented  as a func t ion  of calibrated a i r speed  for trimmed l e v e l  
f l i g h t  ( f i g .  14). Power f o r  l e v e l  f l i g h t  w a s  used and t h e  rockets were f i r e d  
to produce both l e f t  and r i g h t  yawing moments. The v a r i a t i o n  i n  rudder deflec- 
t i o n  f o r  t h e  t r i m  cond i t ions  wi th  t h e  rockets o f f  a t  ze ro  la teral  a c c e l e r a t i o n  
( s i n c e  t h e  "ball" w a s  cen tered)  shows t h e  e f f e c t  of t h e  r o t a t i o n  of t h e  s l ip  
stream and propeller yawing moment. Most of the  data are f o r  t h e  cond i t ion  of 
maximum nominal t h r u s t  of 490 N (110 l b f ) ,  which produced a moment of 2500 N-m 
(1840 f t - l b f ) ,  wi th  a f e w  p o i n t s  for t h e  minimum nominal t h r u s t  cond i t ion  of 
250 N (60 l b f )  , which produced a moment of 1300 N-m (960 f t - l b f )  . The data 
i n d i c a t e  t h a t  for airspeeds approaching t h e  s t a l l  (approximately 57 kno t s ) ,  the  
rudder d e f l e c t i o n  approaches t h e  maximum available (25O) for t h e  maximum moment 
condi t ion.  The r educ t ion  of about  one-half i n  rocket t h r u s t  appears to c u t  t h e  
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change i n  rudder d e f l e c t i o n  by a similar amount. The d a t a  f o r  r i g h t  and l e f t  
rudder d e f l e c t i o n  i n d i c a t e  t h e  p o s s i b i l i t y  t h a t  rudder e f f e c t i v e n e s s  f o r  posi- 
t ive  d e f l e c t i o n  ( t r a i l i n g  edge l e f t )  is g r e a t e r  than  t h a t  for negat ive def lec-  
t i o n .  Th i s  suppos i t i on  arises from t h e  fact t h a t  t h e  change i n  rudder def lec-  
t i o n  requi red  to  balance t h e  rocket yawing manent is g r e a t e r  i n  t h e  case of t he  
nega t ive  rudder d e f l e c t i o n  than  i n  t h e  case of t h e  p o s i t i v e  de f l ec t ion .  

F igure  15 compiles rudder d e f l e c t i o n  data, both for t h e  power for l e v e l  
f l i g h t  of t h e  prev ious  f i g u r e  and f o r  sawtooth climbs, and shows t h e  change 
i n  rudder d e f l e c t i o n  as a func t ion  of calibrated airspeed i n  knots .  A l l .  t h e  
d a t a  are f o r  rocket f i r i n g s  u t i l i z i n g  t h e  minimum (one-half)  rocket-produced 
manent. This  f i g u r e  shows t h e  e f f e c t  of p o w e r ,  s i n c e  t h e  descents  i n  t h e  
sawtooth climb maneuver were a t  i d l e  power, and t h e  climbs used maximum power. 
The gene ra l  reduct ion  i n  rudder d e f l e c t i o n  r equ i r ed  to  balance rocket moment 
as airspeed increased  r e f l e c t s  t h e  corresponding i n c r e a s e  i n  dynamic pressure 
a t  t h e  t a i l .  Similarly, from t h e  sawtooth climbs, t h e  i n c r e a s e  i n  power wi th  
a corresponding inc rease  i n  dynamic p res su re  a t  t h e  t a i l  resul ts  i n  a decrease 
i n  rudder d e f l e c t i o n  requi red .  

The values  of CnB , as determined from t h e s e  data of f i g u r e s  1 4  and 15 

and by equat ion  ( 4 ) ,  are presented  i n  f i g u r e  16 as a func t iuon  of c a l i b r a t e d  
airspeed i n  knots.  The l a r g e  v a r i a t i o n s  i n  rudder e f f e c t i v e n e s s  a t  a given 
airspeed r e f l e c t  t h e  power e f f e c t s  shown by t h e  corresponding rudder deflec- 
t i o n  d a t a  of f i g u r e  15.  

r 

I n  an e f f o r t  to examine t h e  r e s u l t s  f u r t h e r ,  comparisons are presented  
( f i g .  17)  f o r  an a n a l y t i c a l  e s t ima t ion  and o the r  experimental  measurement tech- 
niques for t h e  l e v e l - f l i g h t  t r i m  condi t ion .  The a b i l i t y  of the  p i l o t  to hold 
d e s i r e d  test  condi t ions ,  as ind ica t ed  earlier, would produce an error i n  C 

of 0.008, which is approximately 10 percen t  of t he  average rudder e f f e c t i v e n e s s  
presented  i n  f i g u r e  17.  The a n a l y t i c a l  e s t ima t ion  w a s  made by u s e  of t h e  method 
suggested i n  re ference  10.  The a d d i t i o n a l  experimental  data were obta ined  from 
dynamic maneuvers f o r  which t h e  data were analyzed by us ing  a modified maximum 
l i k e l i h o o d  method of d e r i v a t i v e  e x t r a c t i o n  ( r e f .  1 2 ) .  T h i s  f l i g h t  i n v e s t i g a t i o n  
was part of a cont inuing  f l i g h t  program a t  Langley Research Center  t o  determine 
s t a b i l i t y  d e r i v a t i v e s  of l i g h t  a i rp l anes .  (See ref. 11.)  The agreement between 
t h e  t w o  experimental techniques is good, whereas t h e  a n a l y t i c a l  e s t ima t ion  
appears  to be too high i n  magnitude. 

“6, 

The a i l e r o n  d e f l e c t i o n  r equ i r ed  to balance t h e  rocket-produced r o l l i n g  
moment for t w o  t h r u s t  l e v e l s  is shown as a func t ion  of c a l i b r a t e d  airspeed i n  
f i g u r e  18 .  A l s o  shown is t h e  t r i m  a i l e r o n  p o s i t i o n  wi thout  t h e  rockets f i r i n g .  
The a i l e r o n  d e f l e c t i o n s  requi red  t o  balance t h e  rocket-produced moments do not  
approach maximum (approximately 18O) even a t  t h e  lowest airspeed. 

The v a r i a t i o n  i n  C as a func t ion  of c a l i b r a t e d  airspeed is presented  
‘6, 

i n  f i g u r e  19. 
i nd ica t ed  earlier, would produce an error i n  C of 0.026, which is approxi- 

The a b i l i t y  of t h e  pi lot  to hold d e s i r e d  test  condi t ions ,  as 

‘6, 

1 2  
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mate ly  10 pe rcen t  of t h e  average a i l e r o n  e f f e c t i v e n e s s  presented  i n  f i g u r e  19. 
A l s o  shown f o r  comparison are t h e  exper imenta l  data fran dynamic maneuvers 
obta ined  by us ing  t h e  maximum l i k e l i h o o d  method of d e r i v a t i v e  e x t r a c t i o n  and t h e  
r e s u l t s  of t w o  a n a l y t i c a l  e s t i m a t i o n  techniques  fran re fe rences  1 3  and 14. The 
t w o  experimental  methods produced very  similar r e s u l t s ,  whereas t h e  a n a l y t i c a l  
e s t ima t ions  are c o n s i s t e n t l y  lower than  t h e  measured values.  

E f f e c t s  of R o c k e t  Opera t ion  on Cont ro l  E f f e c t i v e n e s s  

Seve ra l  i n f luences  on ro l l  and yaw e f f e c t i v e n e s s  are possible from t h e  
ope ra t ion  of wing-tip rockets. The p r i n c i p a l  e f f e c t s  are impingement of t h e  
rocket exhaus t  on t h e  t a i l  and changes i n  t h e  wing-tip p re s su re  d i s t r i b u t i o n  due 
to t h e  i n t e r a c t i o n  of t h e  j e t  and t h e  f r e e  stream. The s i g n i f i c a n c e  of some of 
t h e s e  in f luences  are noted i n  r e fe rence  1 5  fran wind-tunnel tests of a t u r b o j e t  
engine mounted on t h e  wing t i p  of a t r a n s p o r t  a i r p l a n e  exhaus t ing  rearward and 
i n  r e fe rence  16, which shows measured losses i n  ro l l  e f f e c t i v e n e s s  r e s u l t i n g  
from rockets exhausting normal to  t h e  wing t i p  of a subsonic  v e r t i c a l  take-off 
and landing  (VTOL) model. 

Sane i n s i g h t  i n t o  t h e  problem for t h e  r e s u l t s  reported h e r e i n  w a s  ava i l -  
able from t h e  "warm-up" phase of t h e  f i r i n g  opera t ions .  Hydrogen peroxide  
motors normally have an i n v i s i b l e  exhaust;  however, they  c h a r a c t e r i s t i c a l l y  do 
n o t  r e a l i z e  complete decomposition of t h e  f u e l  u n t i l  t h e  c a t a l y s t  bed is warmed. 
There w a s ,  i n  t h i s  ope ra t ion ,  a s h o r t  period dur ing  t h e  warm-up i n  which t h e  
exhaus t  products  were l a r g e l y  v i s i b l e  steam. Movies of t h e  f i r i n g s  were taken 
to  s tudy  t h e  a c t i o n  of t he  exhaust.  S t i l l  photographs taken  from t h e s e  movies 
du r ing  t h e  t i m e  steam w a s  produced are p resen ted  i n  f igure  20; t h e s e  photographs 
i n d i c a t e  t h a t  t h e  v i s i b l e  exhaus t  d id  n o t  impinge on t h e  t a i l .  

I n  an e f for t  to determine t h e  f l o w  i n t e r a c t i o n  e f f e c t s ,  an unpublished 
a n a l y t i c a l  s tudy  was performed based on a model of sink-source d i s t r i b u t i o n  
along the  rocket wake  a x i s  used i n  r e fe rence  1 7  combined w i t h  a v o r t e x - l a t t i c e  
r e p r e s e n t a t i o n  of the  l i f t i n g  su r face .  T h i s  a n a l y s i s  i n d i c a t e d  a n e g l i g i b l e  
change i n  both rudder and a i l e r o n  e f f e c t i v e n e s s  as a r e s u l t  of rocket opera t ion .  
HOwever, t h e  r e su l t s  of r e fe rence  16 i n d i c a t e  t h a t  f o r  t h e  VTOL model a loss of 
8 to 10 percen t  of t he  applied r o l l i n g  moment occurred  a t  t h e  rocket v e l o c i t y  

ra t io  \(pmVm2/pjVj2 equa l  to  t h a t  genera ted  by t h e  p r e s e n t  r o c k e t s .  The loca- 
t i o n  of t h e  j e t  on t h e  VTOL model, for which t h e  loss i n  r o l l i n g  moment w a s  
quoted, was 10.1 cm ( 4  in . )  inboard of t h e  wing t i p  a t  50 percen t  chord. The 
l o c a t i o n  of t h e  p r e s e n t  rocket, 15.2 cm ( 6  in . )  outboard of t h e  t i p  a t  50 per- 
c e n t  chord, would be expected to  reduce t h i s  loss. The f a i r l y  good agreement 
of t h e  rocket-generated a i l e r o n  and rudder e f f e c t i v e n e s s  data wi th  t h e  va lues  
ob ta ined  from t h e  d e r i v a t i v e  e x t r a c t i o n  technique i n c r e a s e s  t h e  confidence t h a t  
t h e  e f f e c t s  of t h e  j e t  are small. 

CONCLUDING REMARKS 

A hydrogen-peroxide-fueled rocket system w a s  i n s t a l l e d  on a l i g h t ,  four- 
place gene ra l  a v i a t i o n  a i r p l a n e  to  provide  known moments about t h e  rol l  and 
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yaw axes for use i n  measuring c o n t r o l  e f f e c t i v e n e s s  for a l l  f l i g h t  condi t ions .  
The system produced t h r u s t  up to approximately 490 N (110 I b f )  w i t h  pilot- 
c o n t r o l l e d  f i r i n g  t i m e  of about  60 seconds a t  t h i s  t h r u s t  level. F l i g h t  opera- 
t i o n s  t o t a l i n g  15 w i t h  approximately 20 minutes of accumulated f i r i n g  t i m e  were 
accomplished wi thout  any hardware or o p e r a t i o n a l  problems. 

A technique f o r  measuring c o n t r o l  e f f e c t i v e n e s s  by us ing  rocket-generated 
and 

(cn% 
rol l  and yaw moments was developed. Rudder and a i l e r o n  e f f e c t i v e n e s s  

‘26,) 
were measured by using t h i s  technique. These r e s u l t s  agreed w i t h  r e s u l t s  
ob ta ined  fram dynamic f l i g h t  maneuvers t h a t  used the maximum l i k e l i h o o d  method 
of s t a b i l i t y  e x t r a c t i o n .  Canparison of the  measured d e r i v a t i v e s  wi th  r e a d i l y  
a v a i l a b l e  e s t ima t ion  techniques ind ica t ed  t h a t  t h e  estimates for both deriva- 
t i v e s  differed apprec iab ly  fram those measured. 

f o r  a i r speeds  near s t a l l  to near c r u i s e  (approximately 65 to 100 knots)  

Langley Research Center  
Nat iona l  Aeronautics and Space Adminis t ra t ion 
Hampton, VA 23665 
March 12, 1980 
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TABLE I.- AIRPLANE CHARACTERISTICS 

Maximum gross mass (normal category). kg (lbm) . . . . .  
Maximum gross mass (aerobatic category). kg (lbm) . . . .  
Engine. kW (hp) . . . . . . . . . . . . . . . . . . . . .  
Propeller diameter. m (ft) . . . . . . . . . . . . . . .  
Propeller activity factor . . . . . . . . . . . . . . . .  
Wing airfoil . . . . . . . . . . . . . . . . . . . . . .  
Wing span. m (ft) . . . . . . . . . . . . . . . . . . . .  
Wing Area. m2 (ft2) . . . . . . . . . . . . . . . . . . .  
Wing chord. m (ft) . . . . . . . . . . . . . . . . . . .  
Wing mean aerodynamic chord. m (ft) . . . . . . . . . . .  
Aspect ratio . . . . . . . . . . . . . . . . . . . . . .  
Dihedral. deg . . . . . . . . . . . . . . . . . . . . . .  
Aileron span. m (ft) . . . . . . . . . . . . . . . . . .  
Aileron area (each). m2 (ft2) . . . . . . . . . . . . . .  
Aileron chord. m (ft) . . . . . . . . . . . . . . . . . .  
Vertical-tail airfoil . . . . . . . . . . . . . . . . . .  
Vertical-tail area. m2 (ft2) . . . . . . . . . . . . . .  
Rudder area. m2 (ft2) . . . . . . . . . . . . . . . . . .  
Horizontal-tail airfoil . . . . . . . . . . . . . . . . .  
Horizontal-tail area. m2 (ft2) . . . . . . . . . . . . .  
Tail length (quarter chord of wing to quarter 
chord of vertical tail). m (ft) . . . . . . . . . . . .  

. . . . .  1110 (2450) . . . . . .  930 (2050) . . . . . .  130 (180) . . . . . .  1.9 (6.3) 
92 . . . . .  NACA 632A415 . . . . . .  10 (33) . . . . . .  13.6 (146) . . . . . .  1.34 (4.4) . . . . . .  1.34 (4.4) . . . . . .  7.34 . . . . . .  6.5 . . . . . .  1.6 (5.4) . . . . .  0.47 (5.06) . . . . .  0.39 (1.3) 

NACA 631 A01 2 modified . . . . .  1.36 (14.6) . . . . .  0.43 (4.62) 
NACA 631 A07 2 modified . . . . .  2.51 (27.0) 

. . . . . .  

. . . . .  4.14 (13.6) 
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TABLE 11.- ROCKET SYSTEM CHARACTERISTICS 

Fue l  . . . . . . . . . . . . . . . . . . . . . .  Hydrogen peroxide  (90% concen- 
t r a t i o n  by weight) 

Fue l  quan t i ty .  kg ( l b m )  . . . . . . . . . . . . . . . . . . . . . . . .  23 (50) 

P r e s s u r i z i n g  agent  . . . . . . . . . . . . . . . . . . . . . .  Gaseous n i t rogen  

System mass: 
P r e s s u r i z a t i o n  uni t  i n  cockpit. kg ( l b m )  . . . . . . . . . . . . .  52.2 (115) 
Fuel.  kg ( l b m )  . . . . . . . . . . . . . . . . . . . . . . . . . . .  23 (50) 
N2. kg ( l b m )  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.45 (1) 
R o c k e t  assembly ( to t a l  of 2) . kg ( l b m )  . . . . . . . . . . . . . . .  14 (30) 
Wing t i p  reinforcement (both t i p s )  . kg (lbm) . . . . . . . . . . . .  2.3 (5) 
Supply tubing. kg ( l b m )  . . . . . . . . . . . . . . . . . . . . . . .  3.2 (7) 
Total. kg (lbm) . . . . . . . . . . . . . . . . . . . . . . . . . .  94.3 (208) 

System performance: 
Maximum t h r u s t  (2 motors). N ( l b f )  . . . . . . . . . . . . . . . .  490 (110) 
Minimum t h r u s t  (1 motor) . N ( l b f )  . . . . . . . . . . . . . . . . .  250 (57) 

F i r i n g  t i m e .  sec: 
T h r u s t o f  490N (110lbf) . . . . . . . . . . . . . . . . . . . . . . . . .  60 
Thrus t  of 250 N (57 l b f )  . . . . . . . . . . . . . . . . . . . . . . . . .  75 

18 
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TABLE 111.- MEASUREMENT LIST 

Measurement Range 

Airspeed (pressure). kPa (psid) . . . . . . . . . . . . .  
Airspeed (right and left). m/sec (ft/sec) . . . . . . . .  
Angle of attack (right and left). deg . . . . . . . . . .  
Angle of sideslip (right and left). deg . . . . . . . . .  
Altitude. m (ft) . . . . . . . . . . . . . . . . .  -152 
Normal acceleration. g units . . . . . . . . . . . . . .  
Lateral acceleration. g units . . . . . . . . . . . . . .  
Longitudinal acceleration. g units . . . . . . . . . . .  
Pitch rate; deg/sec . . . . . . . . . . . . . . . . . . .  
Pitch attitude. deg . . . . . . . . . . . . . . . . . . .  
Yaw attitude. deg . . . . . . . . . . . . . . . . . . . .  
Stabilator deflector. deg . . . . . . . . . . . . . . . .  
Aileron deflection (right and left). deg . . . . . . . .  
Trim tab deflection. deg . . . . . . . . . . . . . . . .  
Flap deflection. deg . . . . . . . . . . . . . . . . . .  
Longitudinal wheel force. N (lbf) . . . . . . . . . . . .  
Lateral wheel force. N (lbf) . . . . . . . . . . . . . .  
Rudder pedals force. N (lbf) . . . . . . . . . . . . . .  
Engine speed. rpm . . . . . . . . . . . . . . . . . . . .  
Rocket chamber pressure (right and left). MPa (psia) . . 
Rate of climb. m/sec (ft/min) . . . . . . . . . . . . . .  
Total temperature. OC (OF) . . . . . . . . . . . . . . .  

Roll rate. deg/sec . . . . . . . . . . . . . . . . . . .  
Yaw rate. deg/sec . . . . . . . . . . . . . . . . . . . .  
Roll attitude. deg . . . . . . . . . . . . . . . . . . .  

Rudder deflection. deg . . . . . . . . . . . . . . . . .  
Throttle. percent . . . . . . . . . . . . . . . . . . . .  

. 0 to 3500 (0 to 0.5) . 21 to 61 (70 to 200) . . -1100 or (0 to 30) . . . . .  f55 or (225) 
to 2900 (-500 to 9500) . . . . . . .  - 3 t 0 6  . . . . . . . . .  +1 . . . . . . . . .  f l  . . . . . . . . .  + l o o  . . . . . . . . .  f270 . . . . . . . . .  +270 . . . . . . . . .  +80 . . . . . . . . .  +175 . . . . . . . . .  f175 . . . . . .  - 1 6 3  to . . . . . .  -24 to 10 . . . . . . . . .  +30 . . . . . .  -18 to 13 . . . . . . .  0t035 . . . . . . .  0 to 100 . . . . .  f445 (+loo) . . . . .  f156 (f35) . . . . .  +445 (+loo) . . . . .  0 to 2900 . . 0 to 2 (0 to 300) . . . . .  +13 (f2500) . -18 to 38 (0 to 100) 
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Figure 1.- Arrangement of rocket system and data system components installed 
on test airplane. Thrusters shown are oriented for yaw. 
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L-77-2745.1 
Figure 2.- Airplane i n  f l i g h t  with rocket system ins ta l l ed .  
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Figure 3.- Schematic of rocket system. 
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L-77-3606 
Figure 4.- R o c k e t  thrusters aligned to produce yawing moment. 
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L-77-5249 
Figure 5.- R o c k e t  thrusters  a l igned to produce r o l l i n g  moment. 



L-77-3608.1 
Figure 6.- Pressurization system i n s t a l l e d  on r ight  front-seat r a i l s .  



L-77-3609.1 
Figure 7.- Arrangement of p i l o t  controls  and displays  for performing rocket- 

f i r i n g  data runs. 



L-76 -6604 
Figure 8.- True airspeed, angle-of-attack, and angle-of-s idesl ip transducer. 
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Figure 9.- Instrumentation rack installed in airplane. 
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Figure 14.- Rudder d e f l e c t i o n  required to balance rocket yawing moment with 

power f o r  l e v e l  f l i g h t .  
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Figure 20.- R o c k e t  motor exhaust plume during motor warmup. 
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